An investigation was made of the inter-relationships and characteristics of various hyaluronidase forms isolated from ram spermatozoa. They were shown to be members of an oligomeric series, apparently formed by intermolecular disulphide cross-linking. Two monomer species were detected, a (Mr 89 600) and / (Mr 81200). Although the a species predominated, the two were evenly distributed throughout the oligomer population, and they shared antigenic determinants; the , species did not arise from the a species as a result of catabolism following cell disruption. The oligomeric series was of the form [Hyal]., where n = 1, 2, 4, 5, 6, 7 etc.; no trimer was detectable. Though essentially cationic, part of the hyaluronidase population also had anionic characteristics, probably due to oxidation of free thiol groups. In the anionic subpopulation tetramers and higher oligomers predominated, whereas the non-anionic subpopulation was composed of monomers, dimers and tetramers. The pH optimum of the monomer was 4.3 in 0.2 M-NaCl/ 0.1 M-sodium citrate, whereas that of the anionic oligomers was 4.9. Both serum albumin and polylysine stimulated enzyme activity at pH 4.0 in the absence of NaCl; polylysine was particularly effective. NaCl diminished the stimulatory effects, and essentially suppressed them above the pH optimum. The specific activities of different oligomer populations were the same as that of the monomer, and conversion of oligomers into monomer by reduction had likewise no effect upon the specific activity. Low concentrations of poly(vinyl alcohol), poly(ethylene glycol) or polyvinylpyrrolidone stabilized soluble hyaluronidase activity by preventing the enzyme's binding to surfaces; solutions of anionic oligomers were further stabilized by NaCl. Enzyme preparations were stable for several months frozen in the presence of poly(vinyl alcohol) and salt.
Introduction
Sperm hyaluronidase (hyaluronate 4-glycanohydrolase, EC 3.2.1.35) is a major acrosomal enzyme whose role in fertilization is as yet ill-defined. Hitherto, studies of the pure enzyme have been hindered by its apparent instability and by complex interactive effects of salt, pH and protein on its activity. In the preceding paper (Harrison, 1988) it was shown that freshly prepared sperm extracts contained a variety of forms of the enzyme, which could be isolated in high yield. Here, studies of these different forms are presented, demonstrating their inter-relationships and comparing their stabilities and some of their catalytic properties.
METHODS Reagents
Bovine serum albumin was product A-4378 from Sigma Chemical Co. (Poole, Dorset, U.K.); DTT was product D-0632 from Sigma Chemical Co.; Mega 9 was prepared as described by Harrison (1988) ; PVA was 'type II, cold-water-soluble' (average Mr 10000), product P-8136 from Sigma Chemical Co. Assays, electrophoresis and immunoblotting Assays of hyaluronidase and 'protein, SDS/polyacrylamide-gel electrophoresis and immunoblotting were all carried out as described previously (Harrison, 1988) . Hyaluronidase activity is expressed throughout as EC units (1 EC unit liberates 1 ,umol equivalent of Nacetylglucosamine end groups/min at 37°C).
In certain experiments samples were subjected to electrophoresis in a reduced state; in these cases 2mercaptoethanol was included during sample preparation [2 % (v/v) final concentration].
Also, two monoclonal mouse anti-(ram hyaluronidase) antibodies were used in Western blotting, one derived from cell line 1D6, the other from cell line 1A4; these have been described in detail by Harrison & Gaunt (1988) . The 1D6 antibody was used to probe samples that had been electrophoresed non-reduced, whereas the 1A4 antibody was used to probe samples that had been electrophoresed reduced.
Preparation of hyaluronidase forms
The hyaluronidase forms were extracted from ram spermatozoa and isolated as described previously (Harrison, 1988) . Briefly, desalted sperm extracts were subjected to anion-exchange chromatography, whence two active fractions (Q-, non-anionic; Q+, anionic) were obtained; each of these was then subjected to cation-exchange chromatography, yielding fractions S/ Qand S/Q + respectively; fractions S/Qand S/Q + were separately subjected to affinity chromatography on heparin-hydroxypropyl-Sepharose, when two peaks of Vol. 252 875 Abbreviations used: PVA, poly(vinyl alcohol); Mega 9, nonanoyl N-methylglucamide; DTT with nomenclature of fractions and distribution of activity Activities are expressed as percentages of that in the desalted extract, and have been corrected for losses. For data and purification details, see Harrison (1988) . activity were obtained from each (H,/S/Qand HII/S/ Q-from fraction S/Q-; HI/S/Q+ and HII/S/Q+ from fraction S/Q+). The studies described centred on these four H/S/Q preparations, and on the products (prefixed A, e.g. A/H1/S/Q-) obtained by subjecting each to gel filtration. A flow chart showing the nomenclature of the fractions, together with the proportional distribution of activity, is given in Scheme 1.
Gel filtration
Samples were applied to a column (2 cm2 x 90 cm) of Ultrogel AcA 34 (LKB Instruments, South Croydon, Surrey, U.K.) equilibrated with 10 mM-Mes/NaOH buffer, pH 6.0, containing 0.3 M-NaCl, 1 mM-EDTA, 1 mg of Mega 9/ml and 0.5 mg of PVA/ml. Elution was carried out at approx. 10 ml/h, and 2.4 ml fractions were collected.
Determinations of Mr
Hyaluronidase preparations were subjected to SDS/ polyacrylamide-gel electrophoresis and stained with Coomassie Brilliant Blue R.
The migration distances (R,) of bands in reduced samples were measured relative to the dye front, and compared with those of similarly reduced reference proteins ('high-molecular-weight' and 'low-molecularweight' calibration kits from Pharmacia Fine Chemicals, Milton Keynes, Bucks., U.K.) run in parallel. By using the relationship (Weber & Osborn 1969): logM, = b-a RF together with a linear-regression analysis, the slope a and y-axis intercept b of a reference curve were calculated, from which unknown Mr values could be estimated.
RESULTS
Four subpopulations of ram sperm hyaluronidase can be isolated from ram spermatozoa (Harrison, 1988 ): a ' non-anionic' class (Q -, approx. 72 % of the total) and an 'anionic' class (Q +, approx. 28 % of the total), each of which is eluted as two peaks, HI and H,1 on affinity chromatography. However, whereas the activity in the non-anionic class is distributed almost equally between peaks HI and H, nearly all the anionic class is eluted in the HII position and only a very small proportion in the HI position (see Scheme 1).
When subjected to gel filtration on Ultrogel AcA 34, fractions HI/S/Qand HI/S/Q + were indistinguishable in their behaviour; each ran as a monodispersed single component (see Fig. la for gel-filtration profile of fraction H1/S/Q -; the profile of fraction HJ/S/Q + is not shown). Fractions H,,/S/Qand H,,/S/Q +, on the other hand, were eluted as multidispersed peaks (Figs. lb and 1 c respectively); both behaved as though of much higher Mr than the HI material, and the anionic material (HII/S/Q +) displayed a considerably higher average Mr than that of the non-anionic material (HII/S/Q-).
Inter-relationship between hyaluronidase forms
The preparations resulting from gel filtration of various H/S/Q fractions were subjected to further analysis: A/H,/S/Q- ( Fig. 5 , lane e', in Harrison, 1988) .
Electrophoretic analysis under non-reducing conditions of the individual fractions contributing to fraction A/HI/S/Qshowed that the ac and /3 species existed independently and were not generated by reduction: with increasing KD the fractions contained greater proportions of a component of slightly lower Mr (Fig. 3b ). Because the activity in both fractions H,/S/Qand H1/S/Q + was eluted from Ultrogel AcA 34 at a volume very close to that of serum albumin (Mr 68000; see Fig. la ), it was concluded that the first (HI) peak obtained from affinity chromatography on heparin-Sepharose was hyaluronidase monomer, of two closely related species that could only be resolved clearly by electrophoresis in the reduced state.
Electrophoresis of reduced samples of both fractions
A/H1I/S/Qand A/HII/S/Q + revealed the same doublet of a and , hyaluronidase, with the a. species ) ; no other protein bands were visible. However, when the same preparations were electrophoresed non-reduced, a series of bands was observed, of considerably higher Mr than the doublet (Fig. 2a , lanes b and c). Immunoblotting identified all the bands as hyaluronidase forms (Fig. 2b , lanes b and c). That these various high-Mr forms exist independently under approximately physiological conditions could be demonstrated by electrophoretic analysis of individual fractions contributing to fraction A/HII/S/Q+: those fractions with low KD contained only the highest-Mr bands whereas those with high KD contained only the lowest, the whole system forming a continuously graded series ( Fig. 3a) . It was therefore concluded that the second (HII) peak obtained from affinity chromatography consisted of oligomeric forms of hyaluronidase, which were derived from a mixed population of a and , monomer species bonded together via disulphide cross-links. The oligomers could be dissociated readily by reduction with 30 mM-DTT for 1-2 h at 4 'C. For example, when fraction A/H,,/S/Q + was subjected to such treatment and re-run on Ultrogel AcA 34, almost all the activity was eluted with a lower Mr, identical with that of fraction A/H,/S/Q-( Fig. Id) . There was no effect of DTT treatment, either on total recovered activity or on the specific activity of the recovered pools, and electrophoretic analysis of the individual fractions showed clearly that almost all the oligomer population had been converted into a monomer population (results not shown). Similarly, DTT treatment of the crude sperm extract led to almost complete absence of an HH (oligomer) peak at the subsequent affinity-chromatography stage, although total activities were unchanged (results not shown).
In addition to converting oligomers into monomer, reduction of the crude extract also lowered considerably the proportion of hyaluronidase activity adsorbing to anion-exchange columns. In a series of comparative analyses, it was found that in the absence of DTT treatment 27.7 % of the total activity was recovered in the Q+ fraction (S.D. = 4.1 %, n = 4), whereas after DTT treatment only 7.0 % of the activity was in the Q + fraction (S.D. = 3.2 %, n = 5). A further experiment was performed in which the partially purified hyaluronidase fractions S/Qand S/Q + were rechromatographed on Mono Q (Table 1 ). The fractions had been isolated from non-reduced crude extract, but were rechromatographed either before or after treatment with DTT. As expected, before treatment almost all the S/Q + fraction bound again to the Mono Q; after DTT treatment very little bound. Surprisingly, a considerable proportion of the S/Qfraction which had not previously bound to Mono Q, now bound if left untreated; again, DTT treatment abolished binding. The recoveries of the untreated fractions were low, whereas recoveries were high after reduction. From these observations it was concluded that the anionic nature of a proportion of the hyaluronidase activity was probably due to oxidation of thiol groups; the presence of these oxidized groups seemed to render the enzyme molecules labile at low ionic strength (see also subsection on stability below).
Mr analysis of the hyaluronidase forms (Table 2 ) identified the series as monomer, dimer, tetramer, pentamer, hexamer, heptamer etc; no trace of a trimer was found. It was also notable that oligomers larger than the pentamer were essentially absent from the nonanionic fraction (i.e. fractions A/HI/S/Qand A/H I! S/Q -; see Fig. 2b , lanes a and b); the monomer predominated (about 57 % of fraction Q -; see Scheme Vol. 252 * :~~i Fig. 3 . Electrophoretic analysis of hyaluronidase in individual fractions across gel-filtration peaks Samples of individual fractions containing eluted hyaluronidase activity from Ultrogel AcA 34 columns were prepared nonreduced for SDS/polyacrylamide-gel electrophoresis and run on 5-17 % gradient gels; afterwards, the gels were fixed in methanol/acetic acid/water (4:1:5, by vol.) and stained for protein by using a 'silver' method (Morrisey, 1981) . (a) Fractions contributing to the pool shown in Fig. 1(c) (i.e. fraction A/H,,/S/Q +); (b) fractions contributing to the pool shown in Fig. 1(a) (i.e. fraction A/H,/S/Q -). The positions of the two monomer species, a and fl, are shown. 1), followed by the dimer and tetramer. In the anionic fraction, on the other hand, there were only small quantities of monomer and dimer, and the oligomers larger than the tetramer predominated (Fig. 2b , lane c; see also Scheme 1 for quantitative data), in a seemingly limitless series: up to the dodecamer were sometimes detectable.
Stability of hyaluronidase forms
The instability of purified hyaluronidase has often been commented upon, and surfaces (Rasmussen, 1954) , dialysis (Brunish & H6gberg, 1960) , shaking (Rhodes et al., 1971 ) and low ionic strength (Zaneveld et al., 1973; Yang & Srivastava, 1975) have all been reported to be detrimental.
An experiment was performed to investigate the stabilization of hyaluronidase activity by PVA, a factor crucial to the reliable isolation of the different hyaluronidase forms. Purified enzyme samples were dialysed in the presence and in the absence of various added quantities of PVA or other similar polyhydric macromolecules. After dialysis, each Fractions S/Qand S/Q + were prepared as described in Harrison (1988) . Samples containing known quantities of hyaluronidase activity (approx. 0.7 unit) were mixed with 1 M-DTT such that the final concentration of the reducing agent was 33 mm. After 1.5 h at 2°C these samples were dialysed with gentle agitation against four changes (hourly) of 50 vol. of 10 mM-sodium phosphate buffer, pH 7.0, containing I mM-EDTA and 1 mg of Mega 9/ml. Untreated samples were dialysed similarly in a separate container. All samples were then chromatographed on a Mono Q anion-exchange column as described in Harrison (1988) . Hyaluronidase was located in the resulting fractions; unbound activity (non-anionic) and bound activity (anionic) were pooled separately and determined. where Mre, is the Mr relative to that of the monomer, Rm is the migration distance relative to the monomer and k is the slope of the regression. From electrophoretograms similar to that shown in Fig. 2(a) the Rm values for the various bands were measured relative to the band migrating the fastest (i.e. Fig. 2a, lane a) . It was assumed that this latter was the monomer, since it had a similar apparent Mr (approx. 85000) whether non-reduced or reduced (cf. Fig. 2c, lane a) . It was further assumed that the next fastest band was the dimer (putative Mr 170000), since this migrated more rapidly than ferritin (Mr 220000 (1.00) (2.00) 3.86 + 0.07 5.06 + 0.03 6.02+0.13 6.84+ 0.25 with its included additive was assayed, and then freezedried. Finally, it was redissolved in a saline solution containing detergent, in which the enzyme was known to be essentially stable. Both non-anionic monomer and anionic oligomers behaved similarly (data for the monomer are given in Table 3 ). After dialysis, varying quantities of activity had apparently been lost; however, in some cases, almost all the lost activity was recovered after freeze-drying and redissolving. Recovery of protein paralleled recovery of activity, with the result that the specific activities of all the resultant samples in each batch were similar to each other and to the starting materials; there was no relationship between specific activity and recovery. It was concluded that loss of activity during these manipulations was due to loss of enzyme protein from the solution, presumably via adsorption on surfaces. The additives PVA, poly(ethylene glycol) and, to a lesser extent, polyvinylpyrrolidone were effective in preventing this loss; dextran T70, however, was ineffective.
The interactive effect of saline and PVA on hyaluronidase stability was studied in a similar type of experiment, when it was found that monomer losses were unaffected by salt concentration, but that losses of anionic oligomers were considerably greater in low salt than in high salt concentrations. As before, inclusion of PVA improved the recovery of both hyaluronidase types regardless of salt concentration.
Frozen at -20°C in solutions containing PVA, Mega 9 and high salt concentration, purified preparations of all forms of hyalurotidase remained stable for long periods, typically losing less than 10 % activity over 6 months. No interconversion of forms was detectable during such storage.
The presence of the ,B monomer species could not be ascribed to catabolism. Amounts did not increase during incubation of freshly disrupted sperm suspensions for 4 h at 37°C, and were the same in extracts stored frozen for 8 months as in very freshly prepared extracts. Similarly, there was no apparent change in the amounts of , species during storage of purified enzyme preparations.
CatL-. J,c activity of hyaluronidase forms
Previous studies have revealed that the catalytic activity of hyaluronidase is affected in a complex way by pH, ionic strength and protein or peptide additives (Doak & Zahler, 1979; Gacesa et al., 1981) . An investigation was therefore carried out on purified nonanionic monomer and anionic oligomer preparations to ascertain the comparative effect of different conditions on their activities.
In preliminary experiments, it was found that the monomer was unstable during incubation in 0.2 M-NaCl/0.1 M-sodium citrate at pH 3.6, losing 73 % of its activity during 1 h at 37°C; in contrast, the enzyme was stable under similar conditions at pH 4.0 and above. Also, under the standard assay conditions, activity rate was essentially constant with time up to 20 min. These two observations confirmed the reliability of the standard assay conditions, and allowed unequivocal interpretation of the subsequent investigations. Figs. 4 and 5 show the activity of monomer and oligomer preparations with respect to pH and NaCl. Regardless of the form, hyaluronidase activity was stimulated by NaCl and its pH optimum shifted towards Vol. 252 Table 3 . Effect of polymer addition on the recovery of hyaluronidase after dialysis and freeze-drying The hyaluronidase fraction H1/S/Qwas prepared according to Harrison (1988) but no PVA was added after concentration of the pool (specific activity 15.68 units/mg). Samples containing 1.0 unit in a final volume of 1 ml were placed in dialysis bags together with PVA or poly(ethylene glycol) compound (PEG; P-2263 from Sigma Chemical Co.; Mr 15000-20000) or dextran T70 (D70; Pharmacia Fine Chemicals; average Mr 70000) or polyvinylpyrrolidone (PVP; BDH Chemicals; average Mr 44000); samples without additives served as controls. After exhaustive dialysis against water, the enzyme solutions were transferred as completely as possible into polypropylene tubes, assayed and then freeze-dried in situ. Finally, the freeze-dried contents of each tube were redissolved by addition of 0.75 ml of 10 mM-Mes/NaOH buffer, pH 6.0, containing 0.3 M-NaCl, 1 mM-EDTA and 1 mg of Mega 9/ml, and assayed for hyaluronidase and protein.
Recovery of activity (%)
Recovery more acid values. There was an interactive effect of NaCi and pH, in that higher concentrations of salt were required to maximize activity at lower pH values; in consequence, the pH optimum could be broadened considerably through the use of optimal NaCl concentrations. There was a quantitative difference between the forms, in that the pH optimum of the monomer was about 4.9 in the absence of salt and about 4.3 in the presence of0.2 M-NaCl, whereas the oligomer population displayed a pH optimum of about 5.3 in the absence of NaCl and about 4.9 in its presence. Inclusion of bovine serum albumin or, more especially, polylysine stimulated the activity of hyaluronidase very greatly at pH 4.0 in the absence of salt (Fig. 6) . The effect diminished with increasing pH. In the presence of 0.2 M-NaCl the stimulatory effect of the additives was diminished in relative terms because of the salt activation of the enzyme; polylysine stimulation was also diminished in absolute terms. The effects of both additives were essentially suppressed by salt, above pH 4.9 with respect to the oligomers and above pH 4.4 with respect to the monomer (results not shown).
It was not possible to isolate homogeneous oligomer populations. However, eluates from gel filtration could be pooled in such a way as to isolate mixed populations containing predominantly either dimers or tetramers (either anionic or non-anionic) or larger oligomers. When the specific activities of these various pools were compared, no significant differences could be detected; all had essentially the same specific activity (14.3-16.0 units/mg) as the monomer (14.7 units/mg).
DISCUSSION
Several groups have reported finding more than one form of sperm or testicular hyaluronidase. Vikha et al. (1971) described two forms in bull testicular extracts, separable by both anion-exchange and cation-exchange chromatography. Morton (1976) described three forms in ram sperm extracts separable by anion-exchange chromatography and with different isoelectric points. Srivastava & Farooqui (1979) noted that hyaluronidase activity was eluted in two peaks by heparin from a heparin-Sepharose affinity column. Nobuhara et al. (1980) described two forms from bull testis (Mr 93300 and 69200), each of which could itself be resolved into three sub-forms by isoelectric focusing. Lyon & Phelps (1981) described two forms from bovine testis distinguishable on electrophoresis, with Mr values of 61000 and 67200. Ito et al. (1985) concluded that isoenzymes of pig testicular hyaluronidase were distinguishable by isoelectric focusing. However, only Nobuhara et al. (1980) proposed an explanation for the existence of multiple hyaluronidase forms; they presented evidence that testicular proteinase activity was responsible for the lower-Mr form they found.
My investigations show that there is a complex oligomeric family of hyaluronidase forms in both ram (present data) and bull spermatozoa (Harrison & Gaunt, 1988) . The basic details of the system are the same in each. There are two species of monomer (designated a and ,6), which share antigenic determinants and are only clearly distinguishable after SDS/polyacrylamide-gel electrophoresis in the fully reduced state. The a species predominates greatly, but the f, species does not appear to be the result of catabolic activity (in ram, at any rate). However, it is not the presence of two monomer species that is responsible for the obvious heterogeneity of the hyaluronidase population, for all oligomer populations isolated so far, both anionic and non-anionic, have contained both a and / monomer species in the same approximate proportions as the non-anionic monomer population. Rather, each monomer appears to bear at least two accessible thiol groups that can form stable intermolecular disulphide bonds; this characteristic results in a proportion of the monomer population being linked together via disulphide bonds as dimers and higher oligomers. Some of the putative free thiol groups appear to exist in an oxidized state, probably as sulphonic acid (-SO3H) or sulphinic acid (-S02H) groups (Jocelyn, When the assays were terminated by addition of borate buffer, the amount of 6 M-K2CO3 added concomitantly was adjusted for each citrate buffer so as to keep the final pH constant (confirmed by unchanged specific absorbance of N-acetylglucosamine standards run concurrently). Activities are expressed relative to the maximum detected for each preparation: for the monomer, 100% represents 2.16 munits; for the oligomers, 100% represents 1.75 munits. 1972), with the result that anionic character is conferred on a proportion of the essentially cationic hyaluronidase population. Confirmation of these deductions by direct estimation of thiol groups will obviously be required. In the meantime, it is intriguing that a trimer is entirely absent from both anionic and non-anionic oligomer series; the series run m, 2m, 4m, Sm, 6m etc. But, whereas the nonanionic series consists of about 50 % monomer, 35 % dimer and 15 % tetramer, with very little pentamer or higher oligomers, the anionic series contains only about 3 % monomer, and more than 65 % consists of pentamers and higher oligomers (estimated from Fig. 2 above, and Table 3 in Harrison, 1988) . It is possible that formation of a disulphide bond by one thiol group renders the other(s) more susceptible either to oxidation or to form another disulphide bond (hence little anionic monomer). Ring structures might be the most stable configuration, whence one might guess that for steric reasons trimers cannot form rings whereas tetramers and higher oligomers can. Neither monomer species has so far been isolated and neither has yet been found to possess clearly distinctive characteristics. Hyaluronidase is known to be a glycoprotein (Borders & Raftery, 1968) , and it may be that the , monomer differs from the a Vol. 252 881 O L O L monomer in this respect, e.g. lacks a complete glycan side chain (cf. Michalski et al., 1984) . It seems likely that the two closely similar forms of bull testicular hyaluronidase observed by Lyon & Phelps (1981) after SDS/polyacrylamide-gel electrophoresis were the a and , monomer species; the Mr data given by these authors differ from the values that I have obtained for ram, but it appears that bull hyaluronidase forms are smaller (or run faster on SDS/polyacrylamide-gel electrophoresis) than their ram counterparts (Harrison & Gaunt, 1988) .
The catalytic properties of the various forms of ram hyaluronidase appeared largely independent of the degree of polymerization or anionic character, being affected by pH, ionic strength and proteins in a similar fashion to bull testicular hyaluronidase (Bernfeld et al., 1961; Doak & Zahler, 1979; Gacesa et al., 1981) . Although serum albumin and, more particularly, polylysine activated the enzyme markedly, the effects were suppressed by increasing NaCl concentration and/or pH. Because both monomer and higher oligomer populations were exhibiting approximately maximal activity under the conditions of assay, the similarity of their respective specific activities can be taken at face value; thus the state of the thiol groups does not affect the enzyme activity, and the hyaluronidase active site is as intrinsically effective catalytically when in a large polymer as when in the much smaller monomer. This latter observation is somewhat surprising. One might have expected that diffusional limitations would lead to a decrease in the rate ofinteraction of the macromolecular substrate with constrained active sites in a large polymeric structure, as compared with intrinsically more mobile sites in the equivalent number of free monomers.
